Systematic approaches on the material selection for rickshaw frames were applied by cost per unit and weighted property method using modified digital logic. Ashby's material selection charts were used for preliminary material selection and relative cost analysis. Physical and mechanical properties and the main failure parameters were identified in the frames. Fatigue, associated with corrosion and impact load were identified as the causes of failure for the rickshaw frames. Stress analysis on the frame system was done and for the preliminary selection of materials, the constraints were identified through mathematical models. Magnesium alloy, Titanium alloy, Steel, Aluminum alloy, CFRP, KFRP and GFRP came out from the initial selection. Among the preliminary selected materials, CFRP attained the highest performance index. However, commonly used steel was found to be the optimum for rickshaw frames in terms of figure of merit followed by aluminum alloy and KFRP.
Introduction
Rickshaw is the most common form of vehicle in Bangladesh and is also a well established human power vehicle of the subcontinent. There are almost half million rickshaws only in the capital Dhaka of Bangladesh (Menchetti and Hendrikkade, 2005) . Frames are the most important part of a rickshaw as it carries the different loads and also have to be rigid; onto which the rickshaw body and wheels are attached. Mild steel is the most available options and still, is the only component used in all the rickshaw frames. But, due to its higher specific density, the rickshaw becomes heavier and increases the hardship of the rickshaw pullers.
Around 80000 materials are available to the engineers (Farag, 2002) . Material selection process would be a tedious job and many materials would be overlooked if the selection was done haphazardly. Hence, a systematic selection process is required which has been established over the years. The first step in the material selection process, probably, is to identify the performance requirement and hence, selecting the cardinal properties requirement in that application. From these property conditions, an initial screening of materials is done. For the quantitative method of initial screening, cost per unit property method, Ashby's material selection chart, and Dargie's method are a useful tool for selecting a set of materials (Farag, 2002) . Recently, Ashby also has proposed the selection step into four basic steps: requirements, screening, ranking, searching for supported information, and based on these, final selection of the material and process (Ashby et al, 2004) .
After narrowing down the field of possible materials, a number of knowledge based and integrated data based system is available for selecting the material (Ashby et al., 2004; Farag et. al 1992) . Another approach may be weighted property method (WPM) or digital logic model, which essentially give the performance index from simple mathematics (Ashby, 1992; Jahazi et al., 2004; Maleque et al., 2010) . In the present study, cost per unit property method and Ashby's material selection chart has been used for initial screening and weighted property method has been considered for optimum material selection. The main purpose of the present work is to evaluate the possibility of substituting the available mild steel in the rickshaw frame, thus reducing the rickshaw weight and getting the optimum performance.
Materials and Methods
Different failure parts of the rickshaw frame were collected from the local sources. The frames were inspected visually and macroscopically; care was taken to avoid damage of the fractured surfaces. For the micro structural analysis, samples E-mail: bjsir07@gmail.com Corresponding author. E-mail: reyad_buet@yahoo.com were observed in metallurgical microscope. Failure analyses of those samples were done with the assistance of scanning electron microscope (SEM). The performance of a specific material can be expressed as [Ashby, 1992] , P = f 1 (Functional requirements, F). f 2 (Geometric requirements, G). f 3 (Material properties, M)
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If the geometry is kept constant, the performance depends totally on the material properties. Thus, performance can be maximized by increasing the performance index, M which strictly depends on the properties of materials.
Getting the conditions of performance index through mathematical calculations and thus looking in the Ashby's 'Young's modulus versus density' material selection chart, an initial set of material selection was done. The selection can be furthered narrowed down through the cost per unit strength analysis. Performance index was then established through the weighted property method and an approximate figure of merit was also calculated.
Mathematical modeling
The major forces that are subjected to rickshaw frame can be shown by the Figure (1) . The objective is to obtain the minimum mass and,
As the length will be fixed, lowering the area and the density gives the minimum mass. Hence, making a circular shape, which gives the lowest area and also selecting a lower density material can effectively reduce the mass. Figure ( 2) is a representation of the rickshaw frames and the loads acting on it. As the main forces acting on the frames are bending and compression, performance index criterions has been established on this basis.
Bending on shaft 
Failure analysis of the rickshaw frames
Failure mainly occurs in the top tube, in the forks and in the axle of a rickshaw. Impact on the fork by sudden braking or crushing or from the rough road, can cause failure in the forks. Microstructural observation was conducted on the different parts of the rickshaw and from Figure 3 ; we can make some approximate ideas of the structural, compositional and manufacturing condition. Thus, top tubes are seen having made of dead soft steel; seat stays are normalized mild steel; the supporting frames are cold worked dead soft steel and the axle is cold rolled mild steel. tubes and thus joining with the lug. Failure mechanism has been identified as a fretting fatigue failure in that region. Due to the repeating loading and the soft structure of the tube, fretting may occur by some loosening of small particles at the contact of the tube and the lug, and may be by some oxide particle formation at the joint due to the coating removal at that area. Also, there is a compressive force at that area by the rickshaw puller and a repeating vibration force from the road causes fatigue at that area. Using gasket at the tight fit lug and tube, proper coating, using lubricating and selecting mild steel instead of dead soft steel may significantly increase the life cycle of the tube.
In the axle, the failure has also been identified due to fatigue. From the analogy of the fractured surfaces of the samples and also from the scanning electron microscopic (SEM) observation in Figure 6 , it can be concluded that the failure is due to fatigue. The fractured surface is almost flat as seen in the SEM micrograph and resembles somewhat like brittle fracture. There are some holes, but is not deep enough to be said as pit. These holes developed during fracture.
Initial selection of materials
Ashby's material selection chart was used to narrow down the field of materials from the vast amount. All the materials which lie on the line of the performance maximizing criteria, in the Ashby's Young's modulus versus density curve, is equally well in performance; those above the line is better and those furthest from the line are the best (Ashby, 1992) . Substituting the constraints of performance index in the Ashby's chart in Figure 7 , the materials that fulfill the criterion are shown in Table I .
However, from this list, engineering ceramics is easily eliminated due to their extreme brittleness and will be inappropriate for the frame system of the rickshaw. Wood can be a reasonable choice for a light, stiff beam; but the problem is with the environmental consideration and also mass production. For this, wood is also eliminated in the selection process. Mg alloy (AZ91E), Al alloy (7075-T6), Ti alloy (Ti-6Al-4V) had been used in the frame system of the bicycle and consequently, has been considered in our study (Manshadi et al., 2007) .
Costs per unit property method
If one property is very important in the design criteria, cost per unit property method can be taken as good reference for further culling of materials from the preliminary list (Farag, 2002) . High strength to weight ratio is an important consideration in the frame material selection of rickshaw. The Table II gives an overview of the cost per unit strength values for different materials. Relative cost has been considered from Ashby's chart shown in Figure 8 . Here, working stress has been considered with taking a factor of safety 3 of the yield strength.
Steel has been found the lowest cost per unit strength property. On the contrary, CFRP is seen to attain the highest cost per unit strength value followed by titanium. If cost is the primary concern in the design process, these two materials can be easily eliminated for the further analysis. However, for the performance observation, these two materials have been considered in the later section.
Weighted property method
If there are a large number of properties to be considered, each property is assigned a certain weighting factor depending on the importance of that property. A weighted property value is obtained by multiplying the numerical value of the property by the weighting factor (α). Material performance index (γ), thus obtained by summing up of the individual weighted properties values (Farag, 2002) . This weighting factor can be determined through the Digital logic approach, where only two properties are considered at a time and only a yes or no decision is considered. The most important property is given a numerical value 1 and the least one 0 (Farag, 2002 ). The total no of possible decision (N) is
where n is the number of properties under 2 consideration. The modification of the digital logic method is also available in various forms. In the modified method, the values may be assigned from 0 to 3. The most important property value being assigned 3 and the numerical value is gradually decreased with the lowering of importance of the property (Farag, 2002) . In our study, we approached with modified digital logic method, where the least property value is assigned the value 0 and the highest property as 2. When both properties seem to have equal importance, both two properties have been assigned the value 1. Similarly, when one property seems to have higher impact than the other, the values are assigned generally 2 and 1, or 1 and 0 according to their relative importance.
Fig. 7: Ashby's young modulus versus density curve
Weighting factor has been estimated in the modified form in Table III . Yield strength can be easily considered the highest importance than that of tensile strength during these two properties consideration. Similarly, when only toughness and tensile strength properties are required in a rickshaw frame, toughness is more desirable than that of tensile strength; but both two of these properties are required. Hence, these properties has been assigned the number generally 2 and 1.
Seven properties were considered for the weighting factor determination as shown in Table III . Tensile and yield strength is a relative representation of the compression or buckling load on the tubes. The materials under consideration in this study have the same value of compression as in tension. Elastic modulus, toughness and fracture toughness represents the relative stability of the frames during bending load. Fatigue strength has been considered for the long cycle loading on the frames and the specific density is for lowering the weight thus improving the rickshaw puller's perform Yield strength and elastic modulus was seen to have the highest weighting factor followed by toughness in Table IV . Hence, in the determination of material performance index, these three properties had the cardinal influence. The next step in the performance index determination through weighted property method was to determine the scaled property of the materials. Scaled property facilitates the conversion of different material properties to the scaled dimensionless value. Here, one property was considered at a time for a list of different materials. The highest value of that property in those materials was considered in a scaling property as 100 and the scaled value of other materials was calculated according to equation (3).
Numerical value of property Scaled property= ---------------------------------------------------------------------x 10.....(3)
Maximum value in the list However, for properties like specific density, cost, corrosion or wear loss, etc., the lowest value of a specific property was given in a scaling value 100 and the calculation of the scaling properties of other materials is done according the equation (4).
Minimum value in the list
Numerical value of property
Different property values of the preliminary selected material for the rickshaw frame system are given in Table V  ( Maleque et al., 2010 ; www.carbonfiber.gr.jp; aluminum. matter. org.uk). The calculated scaled property value of the selected materials is expressed in Table VI . The material performance index from this scaled value of the properties can be calculated by equation (5). Where B is the scaled property, α is the weighting factor; the number of properties considered, n = 7
If the selection would be based on only performance characteristics without any kind of cost consideration, CFRP would be the best material to substitute steel followed by titanium. The performance index values can be expressed as a chart, shown in Figure 9 . KFRP and aluminum alloy also shows a good performance index value after steel. The inferior in performance are the GFRP and the Mg alloy. However, cost is the most important factor in the material selection process of rickshaw frame. As the important function of the frame materials is to bear stress, cost of unit strength may be introduced in figure of merit calculation and is defined as is given in equation (6). Table VII shows the estimated figure of merit of the different materials.
Performance index, γ
...(6)
Cost per unit strength, C
After the cost consideration therefore, yield steel AISI 1018 the best candidate for the rickshaw frame system followed by aluminum alloy and KFRP. CFRP and titanium although have the best performance indices, cost consideration has made these two materials far behind of steel. Figure 10 . Also, a comparison has been shown in Table  VIII with steel for aluminum and KFRP.
Manufacturing Issues
In terms of figure of merit, the optimum material is the existing steel AISI 1018 followed by Al alloy and KFRP. However for any kind of material selection, manufacturing issue is another term which also has to be considered.
Although, steel comes out the best material in the selection process, but the high weight still will remain a problem. This is somewhat can be minimized by varying the thickness in different section of the tube in terms of stress concentration. In the rickshaw frame material selection, two things are important. One is the making of thin walled section and the other is joining the sections together. It is possible to make low thickness tube by extrusion in steel and aluminum alloy. Heating the tube, using gasket in the tube front and then joining with the lug with proper coating application can longer the frame life. Arc welding is usually straightforward for joining the tubes into the rickshaw frames for these two materials. Composite materials, i.e., CFRP, KFRP and GFRP are difficult to join. The tubes made of these materials may be joined with adhesives and lugs, in a method somewhat analogous to lugged steel frames. Alternatively, these materials can also be produced in a single piece, called monocoque construction (Manshadi et al., 2007) . This joining difficulty has increased the processing cost of the composites.
Conclusion
Study on the material selection alternatives in rickshaw frame system was done by Ashby's material selection chart, cost per unit property method and weighted property method with the assistance of modified digital logic method. The study precedes the following concluding statements:
1. Steel is the optimum material to be used in the rickshaw frame system.
2. Aluminum alloy and KFRP come next to steel in terms of figure of merit for the frames.
3. CFRP and Titanium alloys are the best materials in terms of performance index, but the cost consideration has limited their use and hence very low figure of merit. 
